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introduced the VUD method, which was applied to a nonlinear control system with a dead-zone and obtained fine control effects [1] . Later, Hongxing Li et al. proposed two VUD fuzzy control algorithms, respectively, for single input-single output (SISO) controller and double input-single output (DISO) controller [2, 3] . The VUD fuzzy controller is one whose universe of discourse (UD) tunes online and becomes very fine as the system goes into steady state. In November 2001, Hongxing Li et al. succeeded in controlling the simulation model of quadruple inverted pendulum by applying the method of VUD [4] . In August 2002, they again succeeded in controlling a real quadruple inverted pendulum [5] . These two developments have surprised many control experts.
Since then, an increasing number of researchers have been devoted to the development of VUD fuzzy controllers. Many fuzzy control algorithms concerning VUD have been published, and a great number of application examples have been successful in various fields of engineering [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . For example, For example, some schemes for chaotic control systems were proposed in terms of VUD fuzzy control theory in [6] [7] [8] , an analog circuit of a VUD fuzzy controller was implemented in [9] , some approximation properties of a VUD fuzzy controller were presented in [10, 11, 15] , an intelligent approach for improving the functionality of conventional PID controller was provided by Yazdani [12] , type-2 fuzzy logic system was used to handle exhibited uncertainty in [13] , and a fuzzy correlation method for target tracking and data fusion was discussed in [14] . However, little work has been done concerning the method of constructing VUD fuzzy controllers-based input-output data. At the same time, it is an important way to design VUD fuzzy controllers using input-output data. This paper investigates the lookup table method of using input-output data.
The organization of the paper is as follows. After a general introduction of the general fuzzy controller, the contraction-expansion factors and construction method (lookup table method) of VUD fuzzy controllers are presented in section II. An example using the lookup table method has been given in section III to demonstrate the effectiveness of backing-up fuzzy controllers. The paper provides a conclusion in section VI.
II. LOOKUP TABLE METHOD
Denote sample steps to be , input variables to be 0, 1, 2,
, output variable to be , the UD of input variables to be 
An example of fuzzy partition and its rule base is given as follows: 
B
With a singleton fuzzifier, product inference, a central average defuzzifier [16] [17] , for the rule base given by (1), a general fuzzy controller,
V R ∈ ⊂ , can be written as
where j y is the central point of j B .
During the control process of , the general fuzzy controller (4) will be improved to be a VUD adaptive fuzzy controller when its input-output UD are tuned online by a given law, which is referred to as contraction-expansion factor [2, 3] . The method of tuning UD will be illustrated as follows. 
and an output contraction-expansion factor , respectively, as follows:
1, 0,
where τ is a positive parameter satisfying ( 0, 1) τ ∈ and δ is an infinitesimal positive parameter to guarantee that (5) and (6) are meaningful as the divisor in the following parts. Thus, input UD and output UD , respectively, can be expressed as:
Thus, a VUD fuzzy controller: can be written as B . Based on fuzzification, fuzzy inference, and defuzzification, the construction of VUD fuzzy controllers should include issues such as the definition and partition of initial UD, the design of membership function, the calculation of the total of fuzzy rules, the selection of the expansion-contraction, the definition of the central points of initial output fuzzy sets, and the determination of any fuzzy rule. In this paper, we shall focus on the determination of fuzzy rule using the method of lookup table, which is listed as follows:
Step 1. One data pair defines one fuzzy rule. x on fuzzy sets 12 A , 13 A and others can be considered to be approximately 0. 
Step 2. Assign a value for the strength of every fuzzy rule.
When a data pair deduces a fuzzy rule, the collision of fuzzy rules maybe appears because a large number of data pairs are needed. For this problem, we assign a value for the strength of any fuzzy rule so that there is only one fuzzy rule with maximum strength. Thus, not only the collision of fuzzy rules does not occur, but also the number of fuzzy rules decreases greatly. For the inputoutput data pair 01 02 0 0 ( , , , ;
, the strength of fuzzy rule is defined as follows:
For the data pair Step 3. Build a fuzzy rule base.
Fuzzy rules in their base can be partitioned into two parts: ① nonconflicting rule groups; and ② conflicting rule groups. The conflicting rule groups mean that they have the same antecedent "if."
To be simple, a two-dimensional (2D) example in Figure 2 is considered to illustrate the method of the construction of fuzzy rule base.
Intuitively, a fuzzy rule base can be depicted as a 2D table. Figure 2 shows the schematic diagram of the fuzzy rule base, which is derived from the fuzzy sets in Figure 1 . In Figure 2 , any for the maximum of the combination of input fuzzy sets to exceed the number of input-output data pairs. Moreover, some input-output data pairs may direct the same grid in Figure 2 , and only a fuzzy rule is used. This equals that the number of input-output data pairs is reduced. Thus, the fuzzy rule base may become incomplete, and it needs experts to interpolate the blanks in the table based on their experience and knowledge. Although the dimensionality is small, it is easy to construct a complete rule base using input-output data pairs. Therefore, the lookup table method is suitable for the cases of three dimensions and those of less than three dimensions. x is in the range of [ . To be simple, it is supposed that the length of stopping lot is sufficient to park a car and y is an intermediate variable.
0, 20]
To design the backing-off controller that satisfied the above-mentioned requirements, a heuristic method is considered to obtain a set of input-output data pairs ( , ; ) ( , ) (1, 0 ), (1,90 ), (1,180 ); (7, 0 ), (7, 75 ) , (7, 105 ) , (7, 180 );
x ϕ = (13, 0 ), (13, 75 ) , (13, 105 ) , (13, 180 ) ( , ) (1,0 ) ⑤ Every input-output data pair is used to produce a fuzzy rule and to calculate its strength. Then, the data in Table 1 leads to an intermediate form of a fuzzy rule table, shown as Table 2 . Thus, the fourteen initial states produce fourteen intermediate forms. In a conflicting-rule group, the rule with the maximum value of strength D is assigned to represent the group. Finally, a complete fuzzy rule table is given as Table 3 .
⑥ Figure 5 indicates the VUD fuzzy controller is set up by twelve boxes. In Figure 5 , the box Fuzzy Inference Engine plays the role defined by the equation (5) . The box Fuzzy Rule Base is established using the rules listed in Table 3 . The box Car is the mathematical model defined by (16) , (17) and (18), and it is used to execute instructions given by the front box Gain_3. The three boxes Gain_1, Gain_2 and Gain_3 are amplifiers, and their enlargement factors are set as 1.5, 4, and 2, respectively. The three boxes x α , ϕ α and θ β represent the equation (13), (14) and (15) ε is not more than 0.02 (m). However, the error 2 x ε almost approaches 0.11(m). Also, it can be seen that the error range of Figure 8 is the same with that of Figure 7 . Obviously, the VUD fuzzy controller outperforms the general fuzzy controller in accuracy at the final position.
IV. CONCLUSIONS
VUD fuzzy controllers are capable of high control accuracy by the online operation of expansion-contraction factors. This paper has presented the formula of VUD fuzzy controllers and the method of designing VUD fuzzy rules using input-output data pairs. First, one inputoutput data pair leads to a fuzzy rule. Second, a value is assigned to the strength of any fuzzy rule.
Third, the fuzzy rule that holds the maximum strength is selected to represent the set of conflicting fuzzy rules. Our method has been applied to a backing-up controller. By computer simulation experiment, a VUD backing-up fuzzy controller designed by the method has been proven to outperform the general backing-up fuzzy controller.
